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, Abstract. The observation of a non- vanishing rotation of linear polarized laser light after 

■ passage through a strong magnetic field by the PVLAS collaboration has renewed the interest 

^S) ' in light particles coupled to photons. Axions are a species of such particles that is theoretically 

— ^ , well motivated. However, the relation between coupling and mass predicted by standard axion 

' models conflicts with the PVLAS observation. Moreover, light particles with a coupling to 

I photons of the strength required to explain PVLAS face trouble from astrophysical bounds. 

We discuss models that can avoid these bounds. Finally, we present some ideas to test these 
possible explanations of PVLAS experimentally. 



> 

o 

O ' 1- Motivation the PVLAS Observation 

. Recently, the PVLAS collaboration reported the observation of a non- vanishing rotation of linear 

polarized laser light after passage through a strong transverse magnetic field [1], 



~ 10"^^ rad (1) 

' , per pass through a magnetic field of ~ 5 T and length L = 1 m and using a laser with 

Qj ' wavelength A ~ 1000 nm. Such a signal is not expected in standard QED with electrons. If 

• confirmed this could be the first direct evidence for physics beyond the standard model. 

One obvious possible explanation, and indeed the one which was also a motivation for the 
BFRT [21 1^ and PVLAS experiments, may be offered by the existence of a new light neutral 
spin-0 boson cj) [1] that could be a scalar or a pseudoscalar. If this particle is, e.g., a pseudoscalar 
cH ' the interaction reads 

Ant = -\gqyF,,,F^''' = g4>{E ■ B). (2) 
In a homogeneous magnetic background B, this interaction can convert the laser photons into 



pseudoscalars (upper part of Fig. 1(a)). The leading order contribution to this process comes 
from the term ~ E^-B. The polarization of a photon is given by the direction of the electric field 
of the photon, E^. Therefore, only those fields polarized parallel to the background magnetic 
field will have nonvanishing E^-B and interact with the pseudoscalar particles. As depicted 



in Fig. 1(a) this leads to an absorption of photons with a polarization parallel to the magnetic 
field and this in turn leads to an overall rotation of the polarization. 

The rotation observed by PVLAS can be reconciled with the non-observation of a rotation 
and ellipticity by the earlier BFRT experiment [21 [3], if the hypothetical neutral boson has a 
mass and a coupling to two photons in the range 



m^r^{l- 1.5) meV g ~ (1.7 - 5.0) x 10"^ GeV"^ 



(3) 




Figure 1. Rotation (upper half) and ellipticity (lower half) caused by the existence of a light 
neutral spin-0 boson (left) or a light particle with a small electric charge (right) (figure adapted 
from U]). 



In addition to the rotation preliminary data [6l [7] presented at various conferences suggests 
the existence of a small ellipticity, 

%l) ~ 10"^^ rad (4) 
per pass through the magnetic field (parameters as above). Such a signal could be explained 



by the virtual production of particles as depicted in the lower part of Fig. 1(a) Again, only 
the photons polarized parallel to the magnetic field are affected. Roughly speaking those are 
a bit delayed because the massive intermediate particle is a bit slower. This results in a phase 
difference between the polarizations parallel and perpendicular to the magnetic field which 
appears as an ellipticity in the final polarization. This allows an independent calculation of the 
required mass using only PVLAS data. The results are consistent with Eq. ^ [8j. 

An alternative ^ is the existence of light particles with a small electric charge. These are often 
called millicharged particles although their charge may be significantly less than 10~^. They 
could be bosons or fermions. For example, for fermions the interaction part of the Lagrangian 
would be 

= 6eV^,7MV'eA^ (5) 



with -0^ being a Dirac spinor ("Dsp"). As depicted in Fig. 1(b) the explanation of a possible 
rotation and ellipticity signal works in complete analogy to the case of spin-0 particles only 
pairproduction now replaces single particle production. Although it is not immediately obvious 
from the interaction Lagrangian, the rate for pairproduction and the birefringence caused by 
virtual pairproduction do again depend on the relative orientation of laser polarization and 
background magnetic field [inilllliniliaillliailSllIZj. 

It is clear that millicharged particles, too, must be light to allow for the rotation observed 
in PVLAS. Real production of pairs requires that the total mass of the produced particles is 
less than the energy of the laser photon 2m^ < to-y since the (constant) background field cannot 
contribute to the energy. Furthermore the charge must be sufficiently small to avoid conflicts 
with other existing laboratory experimental e < 10"^ [13 H EQl EI] . Consistency with PVLAS, 
BFRT and the recent Q&; A measurements |22] requires [8l |9] , 

<0.1eV e~10"^ (6) 



^ We will! discuss astrophysical bounds later in Sect. [S] 



2. Axions in a Nutshell 

One light particle species coupled to photons is particularly well motivated by theory: axions 
[231 Ell ESI ES] . Therefore, let us briefly review axions and discuss their (in)viability to explain 
PVLAS (for a more complete review of axions see, e.g., [271 El])- 

Axions are motivated by the so called strong CP problem. As the name indicates it has its 
origin in the theory of strong interactions, QCD. Therefore, let us start by writing down the 
Lagrangian of QCD with quarks. 



S= (Tx 



(7) 



where G is the gluon field strength and G its dual. This Lagrangian contains a term ~ 9GG 
that is often absent in discussions of QCD. This term is perfectly allowed by gauge symmetry. 
So why is it often neglected? The reason is that this term violates CP in a strong manner but 
this is not observed in nature. More precisely, 

6' + Argdet(M) is observable (8) 

and would appear in CP violating properties of hadrons as, e.g., an electric dipole moment of 
the neutron. Measurements of the electric dipole moment of the neutron j29l [30] now constrain 

|(9 + Argdet(M) = 0| < 3 X 10"^°. (9) 

As mentioned in the beginning of this section 6 is an allowed parameter which is undetermined 
in QCD. Naturally it should be of order one. So the question is: why is it so small? This 
naturalness problem is the strong CP problem. 

One prominent mechanism to solve this problem is the axion solution. The idea is to make 
a dynamical degree of freedom with the following properties: 

• 9 has no tree-level potential 

• 9 has only derivative couplings. 

Choosing a basis such that Argdet(M) = one can then show (see, e.g., [27|) that for the 
effective potential, 

y[o] < v[ei (10) 

i.e. the global minimum of the potential lies at the CP conserving value ^ = 0, and 6 will 
automatically evolve towards this value. 

However, there is still the question from where this dynamical degree of freedom originates. 
Using 

d'^^^^^ = neZ (11) 



327r2 

one finds that 9 is an angular degree of freedom 
• 9 (£ [0,27r). 

Together with the two above properties this is reminiscent of a Goldstone boson of a 
spontaneously broken U(l) symmetry. Choosing a suitable axial U(l) symmetry one finds indeed 
that for the Goldstone direction a coupling to GG is generated via a triangle diagram. This is 
the famous Peccei-Quinn symmetry [25^ f^Bj and the particle is the axion |23l I24j . 

So far we have been talking about the axion as a Goldstone boson. However, Eq. pO|) 
already shows that the potential for the axion is not completely fiat and the particle will have 
an effective mass. Indeed, the Peccei-Quinn symmetry is anomalous and the axion is only a 
pseudo-Goldstone boson. 



A simple estimate (for more see, e.g., [23l EU [36l ESj) for this mass can be obtained by 
looking at the transformations of the up and down quark condensate^ under chiral rotations a 
and Peccei-Quinn rotation^ ~ 9, 



{ulur) = \{uLUR)\exp{i{a + Cu9)) and (dLdn) = K^l^r)! exp(i(-a + 0^6*)), (12) 

where Cu and are constants. Taking the expectation value of the quark mass terms in the 
Lagrangian and approximating (uu) w (uu) one finds a contribution to the effective potential, 

V ~ I (uu) I [niu cos(a + Cu9) + cos(a - Cd9)] , (13) 

with the up and down quark masses m„ and rrid- Expanding to second order in the fields and 
using properly normalized pion, ttq, and axion, a, fields, 

a = f, e = ^ (14) 

Jtt Ja 



one finds 
ancfl 



f-K^n = i^u + md){uu) (15) 



ml - (16) 

Ja 



Here, f-,^ is the pion decay constant and fa is the axion decay constant which characterize the 
scale of (spontaneous) chiral and Peccei-Quinn symmetry breaking, respectively. 

The, for our purposes particularly important, coupling to the electromagnetic field strength 
arises via a similar triangle diagram as the coupling to the gluonic field strength. Naturally it 
involves the elctromagnetic coupling a, 



coupling to two photons ~ a—F^^F^y. (17) 



a 

fa 

Please note that /^r and are known and we have only one free parameter, /„, in Eqs. (jl6p 
and (jl7p . Mass and coupling of the axion are related. Therefore, axions are confined to a line 
in the mass-coupling plane. Of course our analysis neglected model dependent factors of order 
unity and the line becomes a (narrow) band as shown in Fig. [2j 

As we can see from Fig. [2] the mass and coupling required to explain the PVLAS observation 
is orders of magnitude outside the range allowed for axion models. Therefore, we cannot use 
the true axions invented to solve the strong CP problem to explain PVLAS. In the following we 
will call light particles coupled to two photons but without the mass-coupling relation axion-like 
particle or ALPs. 



3. Astrophysical Bounds 

A serious challenge for the particle interpretation of PVLAS are the extremely tight bounds on 
the couplings of light particles to photons. In this section we will sketch how those bounds arise 
and in the following Sect. [Hwe discuss some ideas from the recent literature to circumvent them. 

^ For simplicity we consider only two flavors. 

Effectively we use the Peccei-Quinn rotations to transfer the ^GG-term into complex quark masses: The 
rotations change Argdet(M) but since the observable combination 9 + Argdet(M) remains constant we can use 
them to eliminate 6. 

We neglect a function F{mu/md) which is of order unity. 
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Figure 2. Mass-coupling plane for axion-like particles. The cross denotes the coupling required 
to explain PVLAS. The green shaded area gives the typical range allowed for true axions and 
the green lines denote two prominent examples of axion models [61\ 1^5} . The red lines 
represent the bounds from astrophysics (everything above the lines is excluded). The bounds 
labelled "sun" and "HB stars" come from energy loss considerations [Ml 133 HOI E] , the "CAST" 
bound comes from the non-observation of axion-like particles in the CAST experiment that aims 
to reconvert ALPs generated in the sun into photons [42j . 



3.1. Energy loss bound 

The production processes depicted in the upper half of Figs. 1(a) can also occur in the plasma 
in the central regions of the sun. Photons of the solar plasma interact with the electromagnetic 
fields provided by the ions and electrons in the plasma and are converted into ALPs. If the 
coupling of these particles is, however, sufficiently small they immediately leave the sun without 
further scattering - each one Ccirrying siwsiy cin ciiGrgy of tliG order of ^^center ^ 

10^ K ~ 1 keV. 

This is in stark contrast to photons. Photons typically scatter millions and millions of times 
until they reach the surface of the sun. This has two effects. First it simply takes longer for a 
photon to leave the sun, slowing down the energy transport via photons. Second on their long 
way to the surface the photons loose energy and stay thermalized. They leave the sun only 
with energies of the order of the surface temperature Tsm-face ^ 6000 K ~ 1 eV instead of having 
energies typical for the center of the sun ~ 1 keV resulting in a further slowdown of the energy 
transport. 

Overall this makes the energy loss channel via light particles weakly coupled to photons 
extremely efficient when compared to the standard one via photons. For example, for ALPs one 
finds [H] 

iALP~10'(5lO'GeV)'L^, (18) 

where ^alp is the energy loss via ALPs and L-y the one via photons. 

To compensate for the additional energy loss channels the sun would have to burn fuel at a 
much faster rat^. Without additional light particles the sun has enough nuclear fuel for about 
10^" years. Using Eq. (jlSp we can easily estimate that in the presence of ALPs with a coupling 
strong enough to explain PVLAS the sun would have fuel for at most a few 1000 years. Clearly 
in conflict with observation. A more detailed analysis strengthens the bound to the limit [381 WL\ 
depicted in Fig. [2l Including data from so called horizontal branch (HB) stars one can improve 



^ If we could switch on such an energy loss channel now, the center of the sun would cool a bit. Consequently it 
would contract until the rate of nuclear fusion has risen enough to compensate for the additional energy loss. 



it even more [Ml SO] (cf. Fig. E]). 

For millicharged particles the production process in the upper half of Fig. 1(b) can be used 
for a similar argument leading to [43 1 [HI HSl H6| ITf] , 



-14 



for 



m. 



< IkeV. 



(19) 



3.2. CAST Bound 

For ALPs one can also try to reconvert the ALPs generated in the sun [48]. Basically this uses 
the inverse of the production process of Fig. 1(a) , The CAST collaboration [42j has set up such 
an experiment using an LHC test magnet to provide the background magnetic field. Looking 
in the direction of the sun one would expect to regenerate photons with energies of a few keV 
(temperature of the sun). So far CAST has found no signal above the background. This gives 
the "CAST" bound in Fig. E 

For millicharged particles the CAST idea does not work because it is highly unlikely that two 
millicharged particles would meet again inside the CAST magnet. 



4. Evading Astrophysical Bounds 

Inspired by the PVLAS result and the apparent conflict with astrophysical bounds several models 
to evade the astrophysical bounds have been proposed. We will start by discussing a few ideas 
that apply to ALPs then we move briefly to millicharged particles until we come to a few entirely 
different ideas to explain PVLAS without violating astrophysical bounds. 



Jj..!. Trapping 

One central property that leads to the tightness of astrophysical bounds is the fact that ALPs, 
once produced, immediately leave the sun. So one might want to endow the ALPs with some 
additional interaction that prevents their escape from the sun basically trapping them in the sun 
(at least for some time). This would dramatically reduce the energy loss. Moreover, it would 
also prevent detection via CAST because the ALPs would loose energy in scattering processes 
making them undetectable by CAST which is sensitive only to ALPs with energies > 1 keV. 
The basic concept for this mechanism was already sketched in and models were presented 
in [50, ^J. 

This idea has one essential difficulty. To achieve a sufficient amount of scattering of ALPs 
within the sun one needs a fairly large interaction making it difficult to avoid detection in 
other experiments and observations. However, so far no such conflicts have been found for the 
models [501 EI] a^id they remain viable. 



4.2. Suppressed Production 

An alternative to trapping is to find a way to suppress the production of ALP's inside the sun. 
Models of this type are based on the fact that the environment inside the sun is different from 
the lab environment of PVLAS. The various proposed models make use of different parameters 
that are higher in the sun than in the lab: 

• The typical virtuality of the process producing the ALPs [ISl [52] 

• The plasma frequency in the solar plasma [49 1 [52] 

• Temperature |^ 

• Density |54j . 

The problem with these models is that they typically involve at least one unnaturally small 
parameter. This difficulty is enhanced by the fact that it is not enough to suppress the production 



of ALPs in the center of the sun but one has to achieve suppression also in the outer parts of 
the sun where temperature, density etc. are significantly smaller than in the center [54pl . 



4-3. Millicharged Particles 

As we already discussed pair production of millicharged particles can provide an alternative [9] 
to the single production of neutral particles coupled to two photons. However, we already saw 
in Sect. [3] that they face similar problems from astrophysical bounds. The most straightforward 
way to avoid this problem is, again, to switch off production. Indeed the model [52j already 
involves millicharged fermions and is actually simplified by removing the additional axion-like 
particle. 

A nice feature of this model is that millicharged particles occur naturally in extensions of 
the standard model [551 [56| I57j . For example, in D-brane models of string theory one can 
find the right representations and a sufficient amount of kinetic mixing to explain P VL AS [58] . 
Nevertheless, there remains an unexplained small mass scale of the order of meV in these models, 
too. 

4.4- Other proposals 

In addition to the above there have been a few proposals that involve neither spin-0 bosons 
coupled to two photons nor millicharged particles. 

One possibility is spacetime noncommutativity [59j . This idea avoids additional light particles 
and therefore also their problems with astrophysical bounds. However, a recent careful study 
[60j suggests that spacetime noncommutativity produces only an ellipticity and cannot explain 
the rotation signal of PVLAS. 

Another possibility tried to employ an additional vector particle [61]. This also produces an 
ellipticity but, unfortunately, probably fails to produce the required amount of rotation. 

Finally, there has been a claim [62j that the PVLAS result can be explained within standard 
QED if the (slow) rotation of the background magnetic field is taken into account. A careful 
wave-propagation study [631 IM] has, however, shown that this is ruled out. 

5. Experimental Tests 

Confirmation of the PVLAS result and distinguishing between the different proposed models 
requires further experiments. One way is to make an independent experiment testing and 
improving the measurements of PVLAS. One experiment currently under way is the Q&A 
experiment which recently has published first data [2?] but more data from different sources 
is expected in the near future [SSJ [Bni (HZ]- A detailed analysis of the data from such optical 
experiments may even allow to distinguish between axion-like and millicharged particles [S]. 

However, an experiment of the PVLAS type is a disappearance experiment (the produced 
particles are not detected). It would be nice to really have some way to actually detect the 
proposed particles. In this section we want to sketch two experiments that are sensitive to 
axion-like particles and millicharged particles, respectively. 

5.1. Light Shining through Walls 

To test for the existence of spin-0 bosons coupled to two photons one can do a so called "light 
shining through a wall experiment" [681 [69[ \70\ 171] as sketched in Fig. [3l Here, the photons 
are first converted into ALPs using a strong magnetic field. Then the photon beam is stopped 
by a thick wall. The weakly interacting ALPs, however, pass through this wall without any 
problems. Behind the wall another magnetic field is used to reconvert the ALPs into photons 




This can actually be turned into an advantage. Some of the parameters are so smaU that we may be able to 
recreate them in the laboratory thereby allowing for a direct test of those models in the lab. 



Figure 3. Schematic view of a "light shining through a wall" experiment. (Pseudo-)scalar 
production through photon conversion in a magnetic field (left), subsequent travel through a 
wall, and final detection through photon regeneration (right). 



via the inverse production process. The photons (coming "out of the wall") are then detected. 
This is a very clean detection experiment. The photons coming out of the wall have the same 
frequency as the laser making it easier to distinguish them from the background. Moreover the 
number of photons coming out of the wall is directly correlated to the strength of the laser, 
e.g. for a pulsed laser one can then use the resulting time dependence of the signal to further 
improve the signal/noise ratio. 

Currently, at least four such experiments are in advanced planning/testing stages (for a recent 
review see [72]). One at DESY [73], one at Jefferson lab [71], one by the BMV collaboration [BB] 
and one at CERN The PVLAS collaboration themselves also plan an extension of their 

experiment j 75j . 



5.2. Dark Currents Shining through a Wall 

Unfortunately, a light shining through a wall experiments will not work for millicharged particles. 
Once produced the particle and the antiparticle will move away from each other since they 
experience opposite forces in the magnetic field due to their opposite charge^. They will simply 
not meet again behind the wall and reconversion does not occur (most of them will not even 
make it to the wall because the magnetic field forces them on circular trajectories). 

A way out is to use another QED process: Schwinger pair production [76]. In a strong 
electric field (without an additional laser) vacuum pairs of charged particles that are created at 
a sufficiently large distance, 

have gained more energy from the electric field than it cost to produce them and it is energetically 
favorable to produce such pairs. Roughly speaking this is a tunneling process where a barrier of 
height (the energy to produce the pair) and width dpair (the distance needed to gain enough 
energy in the electric field) must be overcome. The pairproduction rate is high if the electric 
field is large enough such that dpair/2 is smaller than the Compton wavelength of the particles 
Ac = 

2 

Tfl 

E > Eerit = — . (21) 
ee 

Since the produced particles typically have momenta along the lines of the electric field for 
the positive charge particle and in the opposite direction for the negative counterpart a current 
is generated. This current can be measured with a setup shown in Fig. [H Using existing 
accelerator cavities as source of the electric field such an experiment could be build in the near 
future allowing to test the millicharged particle interpretation of PVLAS [77] . 

^ In addition the produced particle and antiparticle have typically opposite momenta along the magnetic field 
lines separating them also in this direction. 
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Figure 4. Schematic set up for a "dark current shining through a wall" experiment f77] . The 
alternating dark current (frequency u) , comprised of the produced millicharged particles (dashed 
line) , escapes from the accelerator cavity and traverses also a thick shielding ( "wall" ) , in which 
the conventional dark current of electrons is stopped. The dark current induces a magnetic field 
in a resonant (frequency v) detector cavity behind the wall, which is detected by a SQUID. 



6. Conclusions 

Motivated by the surprising observation of a non-vanishing rotation of linear polarized laser 
light in a magnetic field by the PVLAS collaboration we have reviewed light particles coupled 
to photons. 

While standard QCD axions are unable to explain PVLAS similar light particles coupled to 
two photons, axion-like particles, may do so. Another candidate are light particles with a small 
electric charge. If confirmed the PVLAS signal would be the first direct evidence for physics 
beyond the standard model. 

Both particle interpretations of PVLAS face serious problems from astrophysical bounds (so 
far other explanation attempts have not been succesful). Models to avoid the astrophysical 
bounds can be constructed but typically require some fine-tuning. 

Several experiments to test PVLAS and its particle interpretations are currently under way 
or will/can be build in the near future. 

The existence of light particles coupled to photons would open a window to physics beyond the 
standard model via low energy experiments with photons that is complementary to conventional 
accelerator experiments. 
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